Introduction
The trophoblast layer of the human placenta villus is composed of multinucleated syncytiotrophoblast cells and mononuclear cytotrophoblast cells that are separated from the interior of the villus by a basement membrane (3) . The syncytiotrophoblast cells are involved in most of the differentiated functions of the placenta, including hormone production and gas and substrate exchange between the maternal and fetal circulations. The cytotrophoblast cells serve as the precursor cells for the syncytiotrophoblast cells (3) . During the initial phase of human trophoblast differentiation, the cytotrophoblast cells proliferate and fuse to form a multinucleated syncytium. As the cells begin to fuse, the cells undergo biochemical differentiation and express many genes that are not expressed in the undifferentiated state, including placental lactogen (hPL) and chorionic gonadotropin (hCG and hCG ).
Many aspects of the dynamic processes occurring during trophoblast differentiation have been studied using trophoblast cell cultures as a model system. Numerous studies have shown that mononucleated cytotrophoblast cells isolated by enzymatic dispersion of placental tissue and cultured in medium containing fetal calf serum or bovine serum will aggregate and fuse to form a multinucleated syncytiotrophoblast that synthesizes and secretes hCG, progesterone and many other proteins and steroids that are secreted by syncytiotrophoblast cells in vivo (13, 26) . To date, this in vitro model has provided considerable information about the expression of cell adhesion molecules and other factors during the early differentiation process and has demonstrated that the inductions of hPL and hCG gene expression are linked to the process of trophoblast differentiation (5-7, 17, 39) . Studies using the in vitro model of trophoblast differentiation have identified many factors that induce the differentiation of human cytotrophoblast cells, including IGF-1 (4), leptin (28) and cyclic AMP (25, 42) . Similar in vitro studies in the mouse have identified several transcription factors that are implicated in the regulation of trophoblast growth and differentiation, including HOXB6, HOXC5, HOXC6, HOX3E, HB24, GAX, MSX2, DLX4, Pit-1, MASH2 Hand1, TF-1, TEF5 and c-Ets1 (11, 12, 22, 32, 37) . ID-2, a member of a family of inhibitors of bHLH binding, acts in human trophoblast cells as a dominant/negative bHLH transcription factor (21) . Constitutive overexpression of ID-2 prevents differentiation of the cells. However, little is known about the transcription factors involved in human trophoblast differentiation.
Several lines of evidence strongly suggest that AP-2 family members are involved in the regulation of human villous cytotrophoblast differentiation. Two of the isoforms, AP-2 and AP-2 , are expressed in the human placenta. In earlier experiments, we observed that AP-2 mRNA levels increase significantly during trophoblast differentiation and that AP-2 induces the expression of the syncytiotrophoblast-specific proteins hPL (36), hCG (23), hCG (23) and hCRH (9) . Moreover, AP-2 also stimulates expression of the genes for aromatase cytochrome P-450 (CYP11A1)(45), germ cell alkaline phosphatase (40) 17ß-hydoxysteroid dehydrogenase type 1 (34) and leucine aminopeptidase/oxytocinase (20, 24) in trophoblast cell lines; and AP-2 transactivates the adenosine deaminase (ADA) gene in murine placenta (38). In addition, AP-2 binding sites are present on the promoters of other genes in the placenta that affect placental function, such as TGF , vascular endothelial growth factor, matrix metalloproteinases, tissue inhibitor of metalloproteinases and the estrogen receptor. Numerous investigations have also shown that AP-2 is important in differentiation of many cell types, including the differentiation of keratinocytes and neural crest cells, as well as the differentiation of 3T3-LI fibroblasts to adipocytes (46). AP-2 family members bind to the same consensus DNA sequence to activate transcription (29). However, their effects on development are different. Disruption of the genes encoding AP-2 and AP-2 results in perinatal mortality without affecting murine placental development (2) . AP-2 disruption affects multiple developmental programs, including formation of the limbs, eye, cranium, body wall, skeleton and cardiovascular system, while AP-2 has a primary role in kidney development. AP-2 has no autonomous role in development of the embryo proper, but the presence of AP-2 in the extra-embryonic membranes is required for normal development of this compartment and survival of the mouse embryo. Null knockout mice lacking the AP-2 gene have a paucity of giant cells. However, the mutant embryos express placental lactogen I, a hormone that is normally secreted by giant cells, and adenosine deaminase, which is activated by an AP-2 binding site in its promoter. The reason why these genes are expressed in the absence of AP-2 is unknown, but Auman and co-workers postulate that other AP-2 family members may compensate for the loss of AP-2 (2).
Using cDNA microarray analyses, we recently identified groups of genes that are regulated during in vitro differentiation of human trophoblast cells, with 141 of 6918 genes induced and 256 repressed by 2-fold or more (1) . The genes were classified according to their biological functions, with different kinetic patterns of expression for the regulated genes identified using a K-means algorithm. Three distinct induction and repression patterns were identified that varied in the onset of change from pre-differentiation levels. Within each functional group, some genes underwent marked repression while others with a similar molecular function underwent marked induction, a process referred to as "categorical reprogramming". Analysis of the DNA sequences of the promoters of many of the genes regulated during trophoblast differentiation indicates that many of these promoters contain consensus binding sites for members of the AP-2 transcription factor family (1) . Since this finding suggests that AP-2 may important in the regulation of trophoblast differentiation, we have examined in this study whether blocking AP-2 action in human cytotrophoblast cells during differentiation inhibits the differentiation process. Cultured cytotrophoblast cells undergoing spontaneous differentiation were infected with an adenovirus that expresses a dominant/negative mutant of AP-2, and DNA microarray analyses were performed to ascertain which genes regulated during trophoblast differentiation are AP-2-dependent. We observed that AP-2 is not required for cytotrophoblast cells to form a syncytium but is critical for the induction and repression of many genes that are regulated in trophoblast cells later in differentiation.
Experimental Procedures

Preparation of adenoviruses
Plasmids containing the human AP-2 gene and a dominant/negative mutant of the human AP-2 gene were kindly provided by Dr. Trevor Williams, University of Colorado Health Sciences Center, Denver, CO. After demonstrating that the expression plasmid inhibited the induction of hPL and hCG expression in trophoblast cells exposed to AP-2 (data not shown), the AP-2 D/N gene was excised from the plasmid by double-digestion and ligated into the EcoR V site of the shuttle plasmid pAd2. The shuttle plasmid was then used to construct replication defective, recombinant adenoviral vectors, Ad2.AP-2D/N and Ad2.WT, as previously described by Cheng and Handwerger (10) . An adenovirus of identical structure except expressing a mammalianized green fluorescent protein (GFP) was used in preliminary studies to determine transduction efficiency (47).
Cell culture
Third trimester placentas were obtained from women with normal pregnancies and deliveries, and cytotrophoblast cells were isolated by enzymatic disaggregation and cultured as described previously (10) . The cytotrophoblast cells were purified to >98% homogeneity by negative CD- 
Microarray analysis
Total RNA was isolated from the cells of three culture plates for each time and transfection condition. Two independent starting condition ("zero time") RNA preparations were used from two different human placenta. 10 ug RNA from each sample was subjected to reverse transcription using random hexamers. Samples were then biotinylated and hybridized to the Affymetrix U95aV2 GeneChips using the Affymetrix-recommended protocol. Affymetrix Micro Array Suite version 5.0 was used to scan and quantitate GeneChips using default scan settings to produce ".cel" files that were then subjected to Robust Multiple Array Analysis algorithm as were further analyzed using GeneSpring 6.0 (Silicon Genetics, Inc., Redwood City, CA). Genes expressed similarly in the two day zero samples were examined for induction or repression at day 3 using a Welch T-test ANOVA with p<0.05. Multiple testing correction was not applied based on too few replicates, but the genes passing the ANOVA were further filtered for those that differed from the day zero reference by more than a factor of two. These genes were subjected to cluster analysis using Pearson Correlation. Genes were categorized using the Simplified Gene Ontology tool in GeneSpring 6.0 (Silicon Genetics, Inc., Redwood City, CA) using functional and biochemical associations obtained from Medline, Genbank, Locus Link, OMIM, Swissprot, and geneontology.org resources. In selected instances, the relative amounts The cells were washed with distilled water and counterstained with hematoxylin.
Results
Effect of Ad2.AP-2D/N on hPL and hCG mRNA levels
To determine whether Ad2.AP-2D/N inhibits the induction of AP-2 -dependent genes during trophoblast differentiation, we initially examined the effects of Ad2.AP-2D/N on hPL, hCG and hCG mRNA levels, all three of which are known to AP-2-dependent (23, 36)( Figure   1 ). As anticipated, hPL, hCG and hCG mRNA levels increased markedly in the non-infected genes (85%) during trophoblast differentiation were AP-2-dependent. Table 1 shows a list of the 50 most induced AP-2-dependent genes and Table 2 shows a list of the 25 most repressed AP-2-dependent genes. Most of the regulated AP-2 dependent genes are involved in signal transduction, cell communication, cell growth and maintenance, and hormone synthesis and release ( Table 3 ).
The reliability of the microarray quantitative data was independently corroborated by the use of RT-PCR analysis of selected mRNAs used in the microarray experiments, as well as in replicate analyses using two additional cell and mRNA preparations from independent placentas.
In all 3 experiments, the profiles of pregnancy specific beta-1-glycoprotein 1, corticotropin releasing hormone, retinoblastoma-like protein, hPL, laminin and GAPDH mRNA levels during differentiation determined by semi-quantitative RT-PCR analyses were similar to those determined by microarray analyses (data not shown).
Effect of Ad2.AP-2D/N on syncytium formation and syncytin mRNA levels
To determine whether AP-2 is critical for the fusion of cytotrophoblast cells to form a syncytium, we examined whether Ad2.AP-2D/N prevents and Ad2.AP-2 enhances Ad2.AP-2D/N and Ad2.WT had no effect. In a separate experiment, Ad2.AP-2 also had no effect on syncytin mRNA levels (data not shown). These findings therefore support the hypothesis that AP-2 is not a master regulator but is responsible for a subcomponent of the differentiation response.
Discussion
The results of this study indicate that a large number of genes that are regulated during were on the later stages of differentiation following syncytialization, particularly on genes involved in differentiated functions such as cell growth and maintenance, hormone synthesis and substrate transport.
In our earlier studies of gene expression during trophoblast differentiation using Incyte microarrays that recognized 6918 genes, we noted similar proportions, with 141 genes induced and 256 genes repressed over a 6 day culture period, with nearly 88% of the regulated genes showing significant regulation by 3 days (1). 3245 genes on the Affymetrix arrays were also present on the Incyte arrays. 57 of the 85 genes that were induced on day 3 using the Incyte arrays were also present on the Affymetrix arrays. 52 of these 57 genes were also measured as induced using the Affymetrix arrays. 105 of the 147 of the genes that were repressed on day 3 using the Incyte arrays were also measured as repressed on Affymetrix arrays. These findings indicate strong concordance in gene expression among different preparations of trophoblast cells undergoing differentiation and relatively good consistency among different microarray platforms. However, to establish a significance measure associated with the platform and sample variables, a considerably larger study design will be needed. Table1. The 50 most induced AP-2-dependent genes during trophoblast differentiation.
Fold increase refers to fold increase after 3 days of differentiation in non-infected cells. % decrease refers to the percent decrease in expression of the genes in Ad2.AP-2D/N-infected cells compared to Ad2.WT-infected cells. 
